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Interest in processes in a plasma containing micro-
particles has increased sharply in recent years. Such a
plasma is called the complex plasma or dusty plasma
[1–5]. First, the complex plasma is of interest due to its
great abundance in nature. Interstellar clouds, proto-
stellar clusters, planetary rings [6], comet atmospheres
[7], and the ionospheres [8] and magnetospheres of
planets (e.g., noctilucent clouds in the Earth’s iono-
sphere [9]) are complex plasmas to a certain extent.
Second, the possibility of observing the behavior of a
single microparticle provides the kinetic, most detailed,
description of the properties of the ensemble of dust
particles. Owing to these circumstances, the dusty
plasma is an attractive tool for studying various funda-
mental physical problems such as phase transitions [5],
hydrodynamic instabilities [10], properties of crystalli-
zation waves [11, 12], etc. One of these problems is the
behavior of charged micro- and nanoparticles in narrow
channels when the interparticle distance is comparable
with the channel width; in this case, the effect of the
walls on the phase state of microparticles can be very
important (see, e.g., [13]). The features of the flow of
charged fluids in capillaries [14], the investigation of
confinement-induced phase transitions (see, e.g., [15,
16]), the physics of nanofluids [17], the permeability of
ion channels in biophysics [18], and the effect of the
confinement on the phase state of granular media (see,
e.g., [19]) are among the problems for which investiga-
tions of the complex plasma can be very informative.
The complex/dusty plasma is usually created in lab-
oratories by adding microparticles to a weakly ionized
rf plasma of low-pressure inert gases. The recombina-
tion of electrons and ions on the surface of dust parti-
cles lead to their fast charging, and the charge value
depends on the size of a particle and plasma parame-























 is the elementary charge, in a typ-
ical RF discharge in argon. Such a large charge of the
microparticle often leads to the strong nonideality of
the dust component, which can be in a wide range of
phase states, i.e., can behave as a gas, liquid, or crystal.
The crystalline state of the dust component of the com-
plex plasma (so-called plasma crystal) was experimen-
tally discovered in 1994 [20, 21] and was theoretically
predicted as early as in 1986 [22].
Owing to the fast diffusion of electrons on the walls
of the discharge chamber, the central region of the dis-
charge is positively charged and is a potential well for
negatively charged microparticles. The profile of the
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ment was measured, e.g., in [23], where it was shown
that the confinement is close to the parabolic shape in
the central discharge region. The electric field in the
near-electrode region of the discharge increases much
more strongly than in the bulk, and the confinement is
close to the hard wall.
This work is primarily devoted to the local order of
microparticles in three-dimensional narrow channels
for two confinements, the parabolic and hard wall. The
pair interaction between microparticles is described by




































Various tools such as metallic rings, special topology of elec-
trodes, etc. can be additionally used to confine the dust compo-
nent.
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Three-dimensional quasi-equilibrium configurations of a complex (dusty) plasma in narrow channels are inves-
tigated using the molecular dynamics simulations for various confining potentials (confinements). The dynam-
ics of the microparticles is described within the framework of a Langevin thermostat with allowance for the pair
interaction between charged particles, which is described by a screened Coulomb potential (Yukawa potential).
Two confinements—the parabolic potential and hard elastic wall—are considered. It is shown that the confine-
ment strongly affects the crystallization and the local order of the microparticles in the system under consider-
ation; in particular, the appearance of a new quasicrystalline phase induced by the hard wall confinement is
revealed.





























 is the screening length (note that
the interparticle-interaction potential measured in [23]
is close to the Yukawa potential). Since we analyze the
features of the crystallization of the dusty subsystem,
the complex plasma is in the strongly coupled state.
This means that the nonideality parameter of the dusty









































the so-called structure parameter.
The effect of the confinement on the equilibrium
configurations of the dusty component of the complex
plasma (pair interaction between dust particles was
described by the Yukawa potential) in narrow channels
in the two-dimensional geometry was considered in
[24]. In particular, it was shown that the confinement
strongly affects the local order of the microparticles in
the system; for example, the presence of the hard wall
confinement induces the transition of the microparticles




 values due to the increased
density of microparticles near the wall, whereas a
plasma crystal is observed for the parabolic confine-
ment. Below, we consider a similar problem, but in
three-dimensional geometry.
The behavior of the ensemble of the microparticles
in narrow three-dimensional channels is investigated
using the molecular dynamics method. For simplicity,






 and the pair interaction between dust particles is
described by the Yukawa potential. The equation of
motion of an individual microparticle has the form
(1)
The term on the right-hand side of Eq. (1) describes the
electrostatic interaction between the particles, the drag
of the dust particles due to collisions with neutral atoms
and molecules of the buffer gas (neutral drag), the ran-






 (thermal noise induced by neu-
































































 = 0, and the interaction of the microparticles











 = 16000 microparticles,
which are randomly distributed in a narrow channel at
the initial time. Figure 1 shows the geometry of the
Zd
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 are randomly distrib-
















































































 Crystallized Yukawa system of microparticles in the
narrow channel for the parabolic confinement. The micro-
particles form three layers A, B, and C. The particles of lay-
ers A, B, and C are marked by black, gray, and white,





screened by layer A. The hcp lattice is the dominant crystal-
lattice type in this case. The bcc phase is also seen. A small
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problem under consideration. The confinement limits




















), whereas in the (
 
x, y) plane, the particles are
located in the region 0 ≤ x, y ≤ Lx, y . The periodic bound-
ary conditions are used on the lateral edges (x = {0, Lx},
y = {0, Ly}). We use two confinements, parabolic
Φc(z) ∝ (z – Lz/2)2 and hard wall Φc(z) ∝ exp
for z > Lz and Φc(z) ∝ exp(–z/Δw) for z < 0, where the
spatial scale Δw determines the hardness of the wall.
The value Δw  Δ/3 is used in our calculations.
It is known that an infinite system of particles whose
pair interaction is described by the Yukawa potential in
the thermodynamic limit for various nonideality
parameters Γ can have only two types of a crystal lat-
tice: fcc for large values of the structure parameter κ
and bcc for small κ values (see, e.g., [5]). The hcp phase
can be formed in the nonequilibrium Yukawa system
(see, e.g., [12]). This is due to the closeness of the ener-
gies required for the formation of the hcp and fcc
phases [25]. To identify the fcc/hcp/bcc lattice types, it
is sufficient to know the positions of three neighboring
layers A, B, and C. In this case, the type of the appear-
ing crystal lattice can be determined visually. For this
reason, we consider the behavior of a Yukawa system
consisting of three layers.
Some simulation results for the Yukawa system are




wall confinements, respectively, where the positions of
the microparticles in the (x, y) plane are shown (all
three layers of the particles are given). The calculations
were performed with the following system parameters:
the size and charge of the microparticles are a  1 μm
and Zd/e  3 × 103, respectively; κ  2–3; and the neu-
tral gas density is ρg ~ 10–7 g/cm3. Both figures demon-
strate the quasi-stationary crystalline phase of the
Yukawa system at the nonideality parameter Γ ~ 104. In
both figures, the particles are color coded by z. It is seen
that the parabolic confinement leads primarily to the
formation of crystallites with the ABA layer arrange-
ment (the third layer is screened by the first layer),
which is characteristic of the hcp or bcc phase. A rela-
tively small number of clusters (~1%) have icosahedral
symmetry; a microparticle from the central layer has
five neighbors near the system boundary (fivefold sym-
metry). Note that this lattice type is induced by the con-
finement. The regions with the ABA (hcp/bcc phases)
and ABC (particles of three layers are seen) layer
arrangements are clearly seen in Fig. 3 for the hard elas-
tic wall confinement. A noticeable number of dust par-





Fig. 3. Crystallization of the microparticles in the narrow
channel for the hard-wall confinement. The regions with
hcp and fcc crystal lattices are clearly seen. A noticeable
number of clusters have a quasicrystalline phase. The inset
shows the unit cell of the quasicrystalline phase, which is a
distorted hcp/fcc unit cell.
Fig. 4. Relative density of the microparticles ρN and (open
triangles) the total number of particles N/Ntot in each layer
versus the dimensionless coordinate  ≡ z/Lz for the (a) par-
abolic and (b) hard elastic wall confinements.
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of a new quasicrystalline phase for the hard wall con-
finement is very interesting. The unit cell of this phase
is shown in the inset in Fig. 3 and is the hcp/fcc phase
distorted by the rotation of the upper and lower layers
with respect to the middle layer.
Figure 4 shows the particle density distribution and
the total number of particles in each layer for two con-
finements. It is seen that, as in the two-dimensional case
[24], the density of the microparticles for the hard wall
confinement near the boundaries is higher than that in
the center. The relation is opposite for the parabolic
confinement. Such a density distribution is the main
cause of the indicated features of the crystallization.
Figure 5 shows the pair correlation functions g(r)
(radial distribution function of the microparticles aver-
aged over all particles in a layer) the three-layer
Yukawa system of the microparticles in the (solid line)
central, (dashed line) upper, and (dash–dotted line)
lower layers for the (a) parabolic and (b) hard elastic
wall confinements. The pair correlation functions for
the upper and lower layers are almost the same for both
confinements. Note that the function g(r) for the central
layer is strongly different from this function for the
neighboring layers in the case of the parabolic confine-
ment. The shift of the first maximum of g(r) clearly
indicates that the particle density in the central layer is
higher than that in the neighboring layers for the case of
the parabolic confinement. Figure 6 shows the time
dependence of the microparticle density for the (a) par-
abolic and (b) hard wall confinements. In both cases,
the formation of three layers from the microparticles
randomly distributed at the initial time is seen. For the
case of the hard wall confinement, the particles are first
crystallized near the boundary (z = 0, Lz), whereas all
three layers are formed almost simultaneously for the
parabolic confinement. Thus, the confinement type
noticeably affects the local order and the crystal-lattice
type of system of the microparticles whose pair interac-
tion is described by the Yukawa potential in narrow
channels. Note that the confinement leads to the
appearance of new types of a crystal lattice (face cen-
tered, quasicrystalline, and icosahedral phases), which
are absent on the phase diagram of the Yukawa system.
In this work, the effect of the confinement on the
local order of the crystallized Yukawa system of parti-
cles in three-dimensional narrow channels has been
numerically investigated using the molecular dynamics
method. The parabolic and hard-wall confinements,
which are the “soft” and “hard” confinements, have
been considered. These types of confinement lead to
Fig. 5. Pair correlation function g(r) of the three-layer
Yukawa system in the (solid line) central, (dashed line)
upper, and (dash–dotted line) lower layers for the (a) para-
bolic and (b) hard wall confinements. The pair correlation
functions for the upper and lower layers are almost the same
for both confinements.
Fig. 6. Space–time (z–t) dependence of the relative micro-
particle density in the narrow channel for the (a) parabolic
and (b) hard wall confinements.
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different behaviors of the microparticle density near the
boundaries. This behavior, in turn, strongly affects the
local order and the type of the crystal lattice in such a
system, in particular, a new stable quasicrystalline phase
appears for the hard wall confinement. Thus, the princi-
ple possibility of controlling the behavior of the com-
plex plasma in narrow channels is confirmed, which can
be very important for the investigations and applications
of micro- and nanofluids and nanomaterials.
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